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THE MSC CSM ELECTRICAL POWER SUBSYSTEM PROGRAM 

By Roy E. Stokes 

SUMMARY AND INTRODUCTION 

This note presents specif icat ions fo r  programing of the MSC CSM elec- 

This program should be used fo r  all EPS consumables anal- 
A description and general flow charts  of 

t r i c a l  power subsystem program (EFS) which w i l l  solve the  CSM-EPS distri-  
bution c i r c u i t .  
yses and contingency s tudies .  
each of the subroutines axe given. 
CSM-EPS program which i s  now out of date because of changes i n  the EPS 
equivalent c i r c u i t .  
computer t i m e  and more f lex ib le  t o  allow fo r  changes i n  the EPS c i r c u i t .  
I n  addition the  program should be designed so it can be used t o  solve 
EPS c i r c u i t  parameters for the  Apollo Applications Program (AAP) with a 
minimum of program changes. 

This program will replace the  present 

The MSC CSM-Eps program should be f a s t e r  t o  minimize 

This report  presents preliminary EPS c i r c u i t  data  and a preliminary 
schematic drawing of t h e  EPS c i r c u i t .  This da t a  is  being used f o r  t he  
i n i t i a l  design of t h e  hSC CSM-EPS program; updates t o  the  data  w i l l  be 
published as they becaane avai lable .  

PROGRAM DESIGN 

The MSC CSM-EPS program i s  t o  be made as f l ex ib l e  as possible  s o  
t h a t  fu ture  changes i n  the CSM-EPS c i r c u i t  w i l l  not cause major program 
modifications. The program w i l l  be designed fo r  use on the Univac 1108 
computer and w i l l  be capable of solving the  EPS c i r c u i t  parameters f o r  
AAP w i t h  a minimum of program changes. Minimum computer time needed t o  
run t he  MSC CSM-EPS program should be one of the main objectives of the  
computer programer. 

Program f l e x i b i l i t y  is t o  be obtained by generalizing as many sub- 
The only subroutines that  need t o  be changed f o r  rout ines  as posslble.  

d i f f e r e n t  CSM c i r c u i t s  are  those which input the  c i r c u i t  equations and 
constraints  on the  switches i n  the EPS c i r c u i t .  

Appendix A presente preliminary data  which is  t o  be used f o r  the  

The switching logic  and an example of 
i n i t i a l  design of t he  MSC CSM-EPS program. 
the  EPS c i r c u i t  is a l so  given. 

A preliminary schematic of 
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how it i s  t o  be used i n  determining the  first guess voltage are given i n  
appendix B. 
appendix C .  

The equations for  the EPS c i r c u i t  matrix are presented i n  

The output of t he  EPS program will be set up with c l ea r ly  labeled 

The contingency s tudies  output 
tab les .  There w i l l  be two output sect ions;  one for consumables s tudies  
and the  other for  contingency studies.  
may be omitted for a time event, but the  consumables study output may 
never be omitted. 

The MSC CSM-EPS program w i l l  el iminate most of the shortcomings of 
the  present CSM-EPS program. 
hydrogen used i n  fuel-cel l  purges. 
c e l l  reverse-current and overload-current relays w i l l  be simulated. The 
diode resis tances  of the new CSM c i r c u i t  will be included i n  the  c i r c u i t  
equations i f  these resistances are found t o  be s igni f icant .  An attempt 
is  being made t o  obtain be t t e r  voltage current data  for  a l l  t h e  sources 
used. Also, b e t t e r  bus t i e  equivalent res is tance data i s  being sought. 
The new CSM-EPS program w i l l  simulate the  inver te rs  more accurately 
than the  present CSM-EPS program. 

The program will allow for  oxygen and 
The ba t te ry  charger and the  f u e l  

The MSC CSM-EPS program must have the  capabi l i ty  of computing EPS 
c i r c u i t  parameters while the  source ( f u e l  c e l l s  and b a t t e r i e s )  charac- 
t e r i s t i c s  vary with time. Changes i n  the  f’uel c e l l  charac te r i s t ics  occur 
as the  load current demanded *om the  fuel c e l l  changes from t i m e  event 
t o  t i m e  event. The change i n  fuel  c e l l  load current causes the  f u e l  c e l l  
temperature t o  vary, which causes the  fuel  c e l l  output charac te r i s t ics  t o  
vary. The var ia t ion of the  f’uel c e l l  output charac te r i s t ics  continues 
u n t i l  the  fue l  c e l l  temperature becomes s table .  
t he  fue l  c e l l s  causes the output charac te r i s t ics  t o  be time dependent. 
The steady state data  i s  t o  be used only i f  the  data needed for  the  
f u e l  c e l l  temperature response model is  not found by the  t i m e  t he  program 
is needed by the  Consumables Analysis Section (CAS) of Mission Planning 
and Analysis Division (MPAD). 
t e r i s t i c s  vary as the discharge charac te r i s t ics  of the  ba t t e r i e s  change 
with t i m e .  
discharge charac te r i s t ics .  

The thermal response of 

The entry and postlanding bat tery charac- 

The program must simulate the  entry and postlanding b a t t e r i e s  

The present CSM-EPS program timeline wr i t e r  i s  a very f l ex ib l e  sub- 
program, and the  t ime l ine  writer subprogram for the  MSC CSM-EPS program 
must be a t  least as f lex ib le .  
t o  accept 50 subsystems, 60 components per  subsystem, any component bus 
assignment, and 6 component modes. 
t h e  capabi l i ty  t o  tu rn  on and off t h e  a l te rna t ing  current only or t h e  d i r ec t  
current only of components using both ac and dc power. 
programer develops the  t imeline writer subprogram, he should bear i n  
mind two main objectives;  first, ease i n  program update and second, minimum 
computer operation t i m e .  

The new timeline writer should be designed 

The timeline wr i te r  must a l so  have 

When the  computer 

b 
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The present CSM-EPS program could p l o t  many of t h e  output parameters 
on the  Calcomp p l o t t e r .  The MSC CSM-EPS program should be capable of 
p l o t t i n g  a l l  the  output parameters versus time and a l so  various output 
parameters versus other output parameters s to red  on an EF'S output tape.  
The Univac DD80 w i l l  be used t o  make t h e  p lo t s  f o r  the  MSC CSM-EPS program. 

The program should solve c i r c u i t  parameters i n  both the  SM and CM 
The program f l e x i b i l i t y  of solving two separate  after CSM separat ion.  

c i r c u i t s  (which may a t  times be connected making only one c i r c u i t )  w i l l  
be needed i n  EPS c i r c u i t  modeling fo r  AAP. 

The following i s  an example of possible  program input data:  

(1) Subsystem. 

( 2) Component. 

( 3 )  Mode. 

( 4 )  ac or dc component. 

( 5 )  Bus connection of component. 

( 6 )  

(7) 

Power f ac to r  i f  component requires  ac power. 

Transient power and time for  t he  t r ans i en t  power of t he  
component t o  deplete .  

(8) Steady s t a t e  power of component. 

( 9 )  Overload l i m i t s  on the  buses,  subsystems, and f u e l  c e l l s .  

(10) Hydrogen and oxygen cryogenic loading and tank fa i l  flag. 

(11) A n y  data necessary t o  increase programing eff ic iency.  

MSC CSM-EPS cold p l a t e  data  for t h e  present CSM environmental cont ro l  system 
(ECS) program w i l l  be calculated and s tored i n  the  same manner as t h e  
present  CSM-EPS program. 

Program checks and comment cards should be used throughout t h e  MSC 

The techniques t o  be used f o r  t h i s  procedure must be coor- 
CSM-EPS program. A n  addi t iona l  requirement ' is  for a program r e s t a r t  
capabi l i ty .  
dinated with CAS of MPAD before incorporation i n t o  the  program. 

h 
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MASTER CONTROL SUBROUTIZE (MCS) 

The MCS (flow chart  1) must read i n  and process all loadsheet param- 
eters, component inventory da ta ,  and t imeline data. The component 
inventcry data i s  read i n t o  the  cori:ect computer s torage arrays according 
t o  t h e  assigned vo l t  code. 
event by time event. Program f lags  are then set ;  t he  f lags  are t o  be i n  
a subroutine of t he  MCS. Components are processed i n  t h e  ac components 
processing subroutine (ACCPS ) and the dc components processing subroutine 
(DCCPS) which a re  ca l l ed  f o r  by the MCS. A power p r o f i l e  may %e ca l l ed  
f o r  and generated on the  p l o t  tape i n  t h e  MCS. 

The timeline da ta  i s  t o  be processed time 

Flag Subroutine (FS) - Called by MCS 

The FS i s  used t o  eliminate program e r ro r s  caused by having false 
information s tored  i n  the  computer memory. The FS log ic  is  presented 
i n  flow chart  2. The following flags are available from the  FS. 

(1) Set  a l l  ac and dc bus-overload f l ags  t o  ind ica te  no overload. 

system overload f l a g s  t o  indicate '  no 
over1 

( 3 )  Set  ba t t e ry  charger i n  off status. (This status i s  t o  be 
checked i n  t h e  charger subroutLne . 

( 4 )  Se t  all ba t t e ry  discharge energies t o  zero. 

( 5 )  Set  f u e l  c e l l  energy at zero. 

( 6 )  Set  t o t a l  system energy consumption a t  zero. 

( 7 )  Set  all switches t o  zero or of f .  

( 8 )  Set charging energy a t  zero ( t o  be checked on i n  charger 
rou t ine ) .  

J 

( 9 )  Se t  cumulative H2 and O2 used t o  zero. 

(10) 

(11) 

(12) 

Set H 

Se t  H2 and O2 consumption rate t o  zero. 

Set discharge power of ba t t e r i e s  t o  zero. 

and O2 tank f a i l  t o  zero which i s  nonfai l .  2 

. 
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- %  

Read i n  load sheets 
(Input data t h a t  may be needed). 

End Program. 

Yes 
Y J 

C a l l  f l a g  subroutine. 
Set  a l l  overload f lags  and constant f l ags .  

I 
- 

Determine ac and dc component s t a t u s  and 
configuration for t h e  given t i m e  event. 

Process a l l  ac components. 

I Call  dc comDonents subroutine. I 
I Process a l l  dc components. I 

t 

Put ac and dc power data p ro f i l e  on output t ape  of EPS program. 

Flow chart  1 .- Master control  subroutine. 

t 
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Have any f lags  changed since the  
last t i m e  point ? 

* x  

No 

- 

Write out i n  the output the parameter(s) which exceed t h e  set 
l i m i t s .  
note a parameter t h a t  has returned t o  within the  spec i f i ca t ion  
l i m i t .  

Also p r i n t  out information i n  the output which w i l l  

el Return. 

Flow chart 2 .- Flag subroutine.  
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(13) Set to ta l .  fuel c e l l  power l eve l  t o  zerc. 

(14) Set  ba t te ry  charger amperage t o  zero. 

( 1 5 )  

(16) 

Set  ba t te ry  discharge amp hours t o  zero. 

Set ba t te ry  currents t o  zem. 

(17) Set  me1 c e l l  currents t o  zero. 

(18) Set any overload or constant f lags  t h a t  a re  needed t o  f a c i l i t a t e  
programing needs. 

Alternating Current Components Processing Subroutine (ACCPS) - 
Called by MCS 

"he purpose cf the  ACCPS is t o  perform a load analysis a t  each time 
event i n  the  mission p ro f i l e .  The loads on the  ac buses and the  dc power 
required by t h e  inverters  are t o  be determined by t h i s  subroutine. The 

verload f lags  on the  inverters  and each of the  
oad does occur, a pr intout  of the  f l a g  viola- 
is subroutine. The overload p r i n t o u t s ' w i l l  
overload no longer ex is t s .  A second pr intout  

acknowledging the  change i n  overload status w i l l  be made. 

The subroutine w i l l  handle ac loads with various power factors  and 
A program methcd must be developed which uses t r ans i en t  power demands. 

t h e  t rans ien t  power of a componezt for the  c i r c u i t  calculat ions u n t i l  
t h e  t i m e  required by the t ransient  power has been exceeded. The program 
calculations then are t o  be made using the steady state run power of t he  
component. 

The general logic  fo r  t he  ACCPS i s  given i n  flow chart  3. The method 
given i n  the  following discussion is  t o  be used t o  determine the  dc power 
required by the  ac inverters  and'the overload of any inver te r  or subsystem. 
For each component, the volt-amp (VA) and the  react ive power (VARS) a re  
t o  be calculated using equations (1) and ( 2 ) .  

w a t t s  VA = - Pf 

where Pf is  the  power factor .  



8 

Check each component i n  each subsystem t o  determine 
i f  it i s  an ac-on component. Pr in t  out a l l  
components t h a t  a r e  on f o r  a s ingle  time event plus 
t o t a l  ac power. 

b 

Y 

If no components 
a r e  on, p r in t  
out a note t o  
t h i s  e f f ec t .  

U Return 

\L 

Does t h i s  component t ha t  i s  on require  t rans ien t  
power? 

No .L Yes 
P = R u n  Power P = Transient Power 

change the  components over t o  
run power a f t e r  t rans ien t  

\3. 
Calculate volt-amp, and VARS fo r  each component 

Assign the  ac loads t o  the appropriate inver te rs  

1 

Calculate the  t o t a l  volt-amps required from each 
inverter .  Compare VA t o  t he  maximum volt-amperes 

a converter can supply. 
loaded p r i n t  out a note s ta t ing  t h i s  f ac t .  

I f  t he  inverter  i s  over- 

Compare the  t o t a l  ac input power t o  the t o t a l  ac 
power demanded from the inverters .  
are not equal p r i n t  out an e r ror  message and abort  
the program. 

I f  the  values 

Call Inverter Subroutine. 

The dc power required by the  ac components i s  calculated i n  t h i s  subroutine 
fo r  each i t e r a t i o n  of the  matrix solving subroutine. 

J/ Return 

Flow chart  3.- ac components process subroutine. 
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A n  inver te r  overload can be made by using the r e s u l t s  of  equations 
(1) and (2)  i n  the  folloving equation. 

The t o t a l  volt-arrp loafiing, VAT, for  each inver te r  must not exceed 
1250 volt-a.ms. 

The dc equivalezlt power required by the components i s  t o  be found 
by using the  inver te r  subroutine. Subsystem overload can be determined 
by comparing the  maximum power a l lo t t ed  for the  subsystem t o  the  power 
required by the  components. 

-The_Prcug.Eml s h a ~ & h X ~ . j ; h %  a b i l i t y  t o  produce an ac power profile 
fYom the data processed fo r  each time event. 

There are three inverters  t o  contend with. The three inver te rs  
should have f lex ib le  ac and dc bus interconnections. For example, it 
should be possible  for a l l  three inver te rs  t o  be connected t o  any of two 
dc or two ac buses, but two ac  inverter  outputs should never be paral le led.  
The ms&ilitr of turning t h e  inverters  on through an input card should 
be investigated.  

Inver te r  subroutine ( I S )  - ca l led  by ACCPS and DS.- The IS w i l l  
ca lcu la te  t h e  equivalent dc resis tance of t he  ac power load on t h e  inver te r .  
The equivalent dc resis tance w i l l  be a function of the bus voltage t o  
which the  inver te r  i s  connected. 

The equivalent dc r e s i s t m c e  is  obtained by converting the  ac power 
required i n t o  an equivalent dc power and then dividing the equivalent 
dc power i n t o  the voltage value squared of the  bus t o  which the  inver te r  
is  connected. The dc power required i s  found by dividing the  ac power 
required by an eff ic iency factor.  The efficiency fac tor  var ies  as the  
load var ies  and also as t h e  dc bus voltage t o  the  inver te r  input var ies .  
Therefore, a set of tab les  l i s t i n g  inver te r  efficiency versus inver te r  
load for various dc input voltages must be used. 

The i n i t i a l  dc equivalent res is tance w i l l  be calculated using t h e  
f i n a l  inver te r  input bus voltage from the  previous t i m e  event. The first 
t i m e  event w i l l  use a nominal 28 vol t s  as t h e  f irst  guess i n  the dc 
equivalent res is tance calculation. A new inver te r  input dc bus voltage 
w i l l  be obtained for  each i t e r a t ion  i n  t h e  DCCPS. 
dc bus voltage w i l l  be used t o  obtain a new inverter  eff ic iency which 
gives a new dc equivalent power. 
and t h e  new dc equivalent power w i l l  be used t o  obtain a new dc equivalent 
res i s tance  for  t he  inver te r .  

The new inver te r  input 

The new inver te r  input dc bus voltage 

t 
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I ?  

I C  

The preceding process w i l l  i t e r a t e  i n  t h e  DCCPS u n t i l  the  EPS 
c i r c u i t  solut ion meets the  accuracy specif icat ion demanded. Calculation 
of dc equivalent res is tance i n  t h i s  manner grea t ly  decreases the  e r ro r  
introduced i n  the  program due t o  the ac loads approaching the  maximum 
and minimum w a t t s  output and due t o  the  var ia t ions i n  the dc bus voltages 
t o  which the  inver te rs  are  connected. Table I of appendix A contains 
the  inver te r  volt-ampere loads as a function of efficiency. 

Direct Current Component Processing Subroutine (DCCPS) - 
Called by MCS 

The DCCPS w i l l  determine which dc components a re  on and off  and the  
status of the  on components. Transient powers are t o  be contended with 
i n  t h i s  subroutine as they were i n  the  ACCPS. The DCCPS controls the 
remaining solution of t he  CSM-EFS c i r c u i t .  Flow chart  4 presents the  
DCCPS logic.  

The DCCPS controls t he  en t i re  solut ion of t h e  EPS c i r c u i t  matrix 
u n t i l  an acceptable solut ion i s  rendered. 

The DCCPS c a l l s  t he  switching constraints  subroutine which i s  used 
The switching con- t o  simplify t h e  matrix being solved by the program. 

s t r a i n t s  logic  is  given i n  t ab le  I of appendix B. 

Equations subroutine (ES).- The ES calculates  and l is ts  the  equi- 
valent res is tances  of the c i r c u i t  loads and the  c i r c u i t  equation coeffi-  
c ien ts  which compose the  matrix t o  be solved. Figure A-1 i s  a schematic 
of t he  EPS c i r c u i t ;  t ab l e  A-I1 l i s t s  values of all c i r c u i t  res is tances .  
An i n i t i a l  diode voltage drop of 0.600 vo l t s  i s  t o  be assumed for  the  
first calculat ion i n  a t i m e  event. The CSM-EPS equivalent load resis tances  
( R  ) are calculated by using the  following equation. 

eq 

(4 )  - - ( 2 d  
Req power demandet! by the  - ,art icular load 

The equations t o  be used for  the  i n i t i a l  design of t h i s  program can be 
found i n  appendix C. 

F i r s t  guess subroutine (FGS) - ca l led  by DCCPS.- Next, the  DCCPS 
c a l l s  the  FGS which i s  used t o  make  a first log ica l  guess of t he  source 
voltages which w i l l  enable the matrix solving subroutine (MSS) t o  more 
quickly solve the EPS c i r c u i t  matrix. 
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No 

I 

k +  

Yes 

Component power = run power 

Determine t o  which bus t h e  components are connected. I 
I 
I 

I 
1 C a l l  switching constraint  subroutine (SCS) . I 

Sum up a l l  component power loads on t h e  appropriate  buses. 

Sum up a l l  subsystem loads.  

Component power = t r ans i en t  power 
r 

Flow chaet 4.- dc component process subroutine. 

1 f 

A method m u s t  be developed t o  change the  component power demanded 
*'over t o  run power after t r ans i en t  power run t i m e  has been exceeded. 

~~ ~ ~ 

Set a l l  c i r c u i t  switching cons t ra in ts  
which s implif ies  the  matrix being solved. 

4 
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~~ ~ 

Call accuracy check subroutine (ACS) . 
Check accuracy of the last  solut ion of matrix. 

. 

I 

C a l l  r e s u l t  subroutine ( R S ) .  

Resulting calculations and output data are processed i n  t h i s  subroutine. 
0 

c *  

C a l l  equations subroutine (ES) . 
Loads a re  calculated and matrix coef f ic ien ts  
are determined. 

1 
Call f irst  guess subroutine (FGS). 

This subroutine checks the  power source con- 
f igurat ion of the  EPS c i r c u i t  and makes the  
bes t  i n i t i a l  guess t o  hasten the  solut ion of 
t he  matrix. 

I 
1 

C a l l  matrix solving subroutine (MSS). 

Matrix i s  solved using i n i t i a l  voltage source 
guesses. 

I 
C a l l  data  calculation subroutine (DCS). 

Diode resistances are  s e t ,  t h e  RCR res i s tance  
are se t ,  and the value of source voltages are 
determined for the  next guess. 

1 

Flow chart  4.- dc component process subroutine - Concluded. 
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l i i  b 

The FGS should make an i n i t i a l  source voltage guess which w i l l  be 
very close t o  the  f i n a l  or r e a l  source voltage. 
program t o  converge on the matrix so lu t ion  with a minimum of i t e r a t i o n s ,  
thus saving computer t i m e .  

This w i l l  enable the  

The approach t h a t  w i l l  be used by t h i s  program w i l l  be one which 
matches an estimated source power load t o  the  source voltage current  
t ab le s  ( t ab le  A-I11 , A-IV and A-V) . In order t o  use t h i s  method the  
demanded power loads of  each bus must be determined and then an approxi- 
mate load sharing scheme must be used t o  determine how much of t h e  load 
i s  applied t o  each of the eight sources. The calculat ion of t h e  demanded 
power on each bus can be determined i n  the component processing sect ion 
of t he  DCCPS. Switching log ic  and program experimental r e s u l t s  can be used 
t o  determine the estimated portion of the  t o t a l  load demanded t h a t  should 
be assigned t o  each source. An example of t he  switching log ic  t o  be used 
i n  determining the  f i r s t  voltage guess can be found i n  table B-11. 

An a l t e rna te  method may be used t o  obtain t h e  estimated source power 
This a l t e r n a t e  method cons is t s  o f ,  load fo r  the  sources i n  the  CSM-EPS. 

subs t i tu t ing  a u n i t  voltage source for  each one of the  CSM-EPS sources 
t h a t  may be on during a given t i m e  event. The matrix w i l l  then be solved 
using the  uni t  voltage sources. 
culated f o r  each unit voltage source. 
t o  determine the  approximate equivalent res i s tance  t h a t  each CSM-EPS w i l l  
have as a load: 

A resu l t ing  current can then be tal- 
There is  now enough information 

( 5 )  un i t  source voltage 
unit  source current R =  

All of t h e  FGS switching log ic  could be eliminated i f  the  estimated source 
l o a d  equivalent res is tance was obtained i n  t h i s  manner. 
subroutine would s t i l l  have t o  converge on a first guess voltage answer 
as i s  done i n  block 5 of the FGS flow chart .  

The f i r s t  guess 

Matrix solving subroutine (MSS) - ca l led  by DCCPS.- MSS i s  now 
ca l l ed  for .  The MSS should be capable of solvina as large a matrix as - 
possible  ( a t  l e a s t  31 x 31) w i t h  accuracy t o  f ive  d i g i t s .  

The method used t o  solve t h e  ac tua l  CSM-EPS c i r c u i t  equations i s  one 
which iterates on source voltage guesses u n t i l  it converges on an accept- 
able  answer. F i r s t ,  the  source current which i s  the  result of the i n i t i a l  
source voltage guess i s  located i n  the  appropriate source voltage current 
cha rac t e r i s t i c  t a b l e  ( tab les  A-I11 , A-IV and A-V) . 
cha rac t e r i s t i c  t a b l e  which corresponds t o  the  calculated current ( r e su l t i ng  
source current  of the  first guess) is  then used as the  next source voltage 
guess i n  the  matrix being solved. 

The voltage i n  the  
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b 

Determine the  t o t a l  load i n  watts applied t o  each group of sources 
(entry and postlanding batteries, pyro b a t t e r i e s ,  and fuel c e l l s ) .  

E *  

E C  

I 
Find the equivalent res i s tance  of t h e  loads applied t o  the par t icu lar  
source. 

Req Power demanded by loads 
- 282 - 

I - 

I 
\I. 

Find the  load for each source: 

Load fo r  each source = t o t a l  load f o r  par t icu lar  source group 
number of sources on i n  the source group 

Flow chart  5.- F i r s t  guess subroutine. 



The results of MSS are then put i n to  the  accuracy check subroutine 
( A C S ) .  The ACS must make a test  on the MSS r e s u l t s  and then determine if 
t h e  r e su l t s  a r e  within the  accuracy specif icat ion of five decimal places. 
If the  results are  not x i th in  specif icat ion,  re turn  t o  t h e  MSS via data  
subroutine ( D S )  and i t e r a t e  through the  MSS and ACS u n t i l  a desirable  
solut ion i s  found. Once a desirable solut ion i s  found, re turn  t o  t h e  
DCCPS . 

Accuracy check subroutine (ACS) - cal led by DCCPS.- The ACS w i l l  compare 
two values and determine the  accuracy of the  l a s t  answer obtained flrom the  
MSS. The two values t o  be compared by the  ACS are  the source voltage guess 
which w i l l  be used t o  solve f o r  the next source voltage guess, and the  source 
voltage guess for  the  previous i te ra t ion .  The two values of source voltage 
w i l l  give a spectrum of  t he  matrix conversion. The two values should 
be compared, t o  note when the  f i f t h  d ig i t  ceases t o  change. A t  t h i s  point 

lved sa t i s f ac to r i ly .  Checks should be 
+ t h e  DCCPS t o  expedite t he  solut ion of 

t h e  matrix being solved. 

Data subroutine (DS) - cal led by DCCPS.- The DS for  t he  next calculat ion 
sirnulatee the  reverse current relay (RCR) operation, t he  diode forward 
and reverse bias charac te r i s t ics ,  and the  new inverter  equivalent load. 

If the  current through a diode i s  negative the  equivalent res is tance 
of t h e  diode is on the  order of lmegohm. If the  current through a diode 
i s  pos i t ive  the  equivalent res is tance is  calculated as a function of  t he  
current passing through the  diode. 
i s  knowlz, the  voltage across the diode can be found from the  diode volt- 
amp charac te r i s t ic  tab le .  Once the diode voltage is  determined it can 
be put i n t o  the  matrix as a more accurate diode voltage drop guess. 
order t o  make the  i n i t i a l  calculation a diode voltage drop of 0.600 vo l t s  
w i l l  be assumed. The diode resis tance is  determined by looking up the  
diode current i n  the  diode steady s t a t e  power loss versus diode current 
t a b l e  and reading out a power which corresponds t o  the  diode current.  
Then, 

Since the current through the  diode 

I n  

diode steady-state power 
(diode current ) diode resis tance = 

The RCR equivalent res is tance i s  on the order of 1 megohm af'ter a 
reverse current of spec i f ic  magnitude has passed. through the RCR fo r  a 
specif ied t i m e  l i m i t  given i n  table  A-VI.  If the  current through t h e  
RCR i s  pos i t ive  and does not exceed the  l i m i t s  set i n  table A-V t he  

res i s tance  w i l l  be assumed as 0.002 ohms". If  the  pos i t ive  current 

%is i s  an approximation t o  be used until  the  RCR data i s  obtained. 
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*' c 
, 

* 

exceeds the l i m i t s  of t ab l e  A-VI1 the equivalent RCR res is tance i s  again 
lmegohni. The DS w i l l  next c a l l  t he  IS.  The IS w i l l  ca lculate  the new 
inver te r  equivalent load resistance.  

The DS a l so  determines the next values t o  be used f o r  t h e  source 
voltages. This  i s  done by calculating the current through the sources 
resu l t ing  from the  last calculations made by t h e  matrix solving sub- 
routine.  The calculated current values are then looked up i n  the  source 
voltage current charac te r i s t ic  t ab le ,  corresponding t o  the calculated 
current ,  i s  w e d  for t he  next voltage guess. 

RESULT SUBROUTINE (RS) - SURROUTINE OF DCCPS 

The RS calculates  the necessary results. The RS w i l l  then output 
a l l  results i n  two d i f fe ren t  categories. Categcry I w i l l  contain a l l  

study. C&eg . Category I 
t i o n a l  and ca 

signaled for .  The following is a l i s t  of a l l  the  data needed i n  cate- 
gory I (consunrables stx.dies) : 

1. Power data: 

b. Instantaneous ac power and volt-amps. 

c. 

d. Battery charge statusa.  

Total  ac and dc power accumulated. 

2. Cryogenic data: 

a. EPS H and 0 instantaneous consumption rate. 

b. ECS 0 instantaneous consmption r a t e .  

c. Remaining H and O2 . 
d. 

e. 

2 2 

2 
b 

2 
b Consumed H2 and O2 . 

Cryogenic tank f a i l  and non-fail. 

%attery chmger subroutine data i s  used t o  obtain th i s  value. 

bThe purge subroutine (PS) i s  used t o  a i d  the  calculat ion of these 
values of H2 and 02. 
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3. Component data: 

a. L i s t  a l l  ac and dc components on. If no components, e i t h e r  
ac or dc, a r e  on, s t a t e  t h i s  f ac t  i n  t he  output. 

b. L i s t  power demanded by t h e  ac and dc components. 

4. Power system overload data: 

a. Overloads on fue l  c e l l s ,  and buses. 

5 .  Fuel c e l l  data:  

a. 

b.  Fuel c e l l  temperature. 

Fuel c e l l  voltages and consumption rate of H and 02. 2 

c.  Fuel c e l l  currents .  

6. Battery data: 

a. Battery voltages. 

b. Battery current .  

7 .  Give the  time for the  pa r t i cu la r  t i m e  event under study. 

8. Bus voltages. 

The fol.lowing i s  a l i s t  of a l l  t h e  data  needed i n  category I1 (contin- 
gency s t u d i e s  ) : 

1. All consunables analysis da ta  must be pr in ted  out plus t h e  
following information. 

2. Voltage data: 

a. Node voltages. 

3. Current data:  

a. Bus and node currents.  (Bus and node currents  a r e  t o  be  
described spec i f i ca l ly  for each bus. Example: 

(1) Current i n t o  the  bus or node. 
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( 2 )  Current t o  loads. 

(3)  Current t o  other nodes or buses. 

4. Load sharing data: Printout t he  percentage of t h e  t o t a l  load 
t h a t  each source shares. 

Battery Charger Subroutine - Called by RS 

The ba t te ry  charger and the  bat tery t h a t  i s  being charged.by t h e  
An approximation of t h e  

The input power of t he  battery 

ba t te ry  comprise a very complicated c i r c u i t .  
ba t te ry  charger w i l l  be used. for t h i s  program. 
only with the  ba t te ry  charger output. 
charger i s  assumed t o  be constant. 

This approximation deals 

Battery charger "on" mode switching constraints  a re  as follows : 

1. The ba t te ry  charger can charge only one ba t te ry  at a t i m e .  

2. A l l  ba t t e ry  loads, connected t o  a ba t te ry  which must be charged, 
must be disconnected from t he  bat tery before the ba t te ry  charger can be 
used t o  charge the  bat tery.  

The following equation describes the general behavior of t he  ba t t e ry  
charger : 

(T,) (AHo) 
- '  + (40 -  AH^) A" - AHo + L 

where 

AHN = new charger status of the ba t te ry .  

AHo = amount of ampere hours depleted *om the  ba t te ry .  

( 7 )  

T1 = t i m e  the  

This equation is  t o  
just after charge. 

equation, i f  AHN >, 

charger i s  l e f t  on. 

be used t o  calculate  the charge s t a tus  of a b a t t e w  

make p" = 40 amp-hr. 

maximum should never exceed 40 amp-hr. Using t h i s  

Purge of Fuel Cells Subroutine (PFCS) - Subroutine of RS 

F i r s t ,  the  number of fuel  ce l l s  operating must be determined by t h e  
PFCS, so  t h a t  t he  correct  H and O2 r a t e s  can be calculated.  The purge 2 



>i Return No 
Is t h e  ba t te ry  charger on? 

Write out new ba t te ry  s t a tus  a t  the  end of the  charge time l i m i t .  
t A 

I Yes 
v 

Find new ba t te ry  charge, AHN, i n  amp-hr from 

0 Return 

Flow chart  6. - Battery charger subroutine. 
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h. 4. 

E&,.* 

r a t e  f o r  H2 i s  0.67 lb /hr  per f’uel. c e l l ,  and the  purge rate fo r  0 i s  

0.60 lb /hr  per  f u e l  c e l l .  The a l lowed purge times are 80 seconds for 
H2 and 120 seconds for 02. 

2 

The general  equations for  t h e  ca lcu la t ion  of the  pounds of  H and O2 2 
consumed by purges are: 

H2 = (355 8o ) (0.67) (number of f u e l  c e l l s )  (8)  

( 9 )  O2 - - (0 .60)  (number of fuel c e l l s )  

The purge rout ine may be i n i t i a t e d  by the  iden t i f i ca t ion  of a purge 
component being turned on. 

purge component i s  turned off. 

New H and O2 data  i s  t o  be given when t h e  2 



n 

n 
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APPENDIX A 

EPS CIRCUIT DATA 
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TABLE A - I . -  INVERTER LOADS 

[ Inverter  eff ic iency,  Pf = 1.03 

Load, 
v-amp 

100 

200 

250 

30 0 

350 
400 

450 
500 

550 

600 

650 
700 

750 
800 
850 
900 
9 50 

1000 

1050 

1100 

1150 

1200 

1250 

1300 

1350 
1400 

19 00 

Efficiency, 
percent 

63.20 

67-50 
69.00 

71.60 
70 25 

72.50 
73.30 
74.00 
74.80 

75 50 

76.00 

76 50 

77 00 

77 25 

77- 50 

77.73 
77 77 
77.85 
77.90 
77 85 
77 9 77 
77 73 

77 50 

77 40 

77 25 

77 00 

72.10 

dc input ,  
V 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 
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TABLE A-1.- INVERTER LOADS - Continued 

Load , 
v-amp 

100 

200 

250 

300 

350 
400 

450 
500 

550 

600 

6 50 

700 

750 

800 

8 50 

900 

9 50 

1000 

1050 

1150 

1100 

1200 

1250 

1300 

1350 
1400 
1900 

Efficiency, 
percent 

59.50 
65 .oo 
66.60 
68.25 
69.60 
70.65 
71.60 

72 50 

73 35 

74.25 
74 90 

76 .oo 

76 70 

76.80 
77 00 

76.95 
76.80 

76.70 
76.60 

76 25 

76.00 

75.75 
75 50 

71.90 

75 50 

76.40 

76.40 

dc input , 
V 

28 
28 
28 

28 
28 

28 
28 
28 

28 
28 
28 
28 

28 
28 

28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 

28 
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TABLE A-1.- INVERTER LOADS - Concluded 
I 

Load, 
v-amp 

100 

20 0 

250 

300 
350 

400 

4 50 

50 0 

550 

600 

650 
700 

750 
800 

850 
900 
9 50 

1000 

10 50 

1100 

1150 

1200 

1250 

1300 
1350 
1400 

1900 

Efficiency , 
percent 

54.20 

60 .oo 
62.25 

62.95 
65.50 
66 75 
68.25 

69 45 
70.60 
71.70 
72.30 
73.30 
74.00 
74.75 
75.00 
75.35 
75.50 
75 60 
75 60 

75 40 

75 50 

75 20 

75-10 
74.95 
74 65 
74 45 
71.10 

dc input ,  
V 

30 

30 

30 
30 

30 

30 
30 
30 
30 

30 
30 

30 

30 

30 

30 

30 
30 

30 

30 
30 

30 

30 

30 

30 

30 

30 

30 
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TABLE A-11.- CSM RESISTANCE VALUES 

Resistor no. 

1 

2 

3 

4 
5 
6 
7 
8 

9 
10 

11 

12 

13 

14 

1 5  
16 

l? 
18 

19 
20 

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

Resistance, 
ohms 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.00751 

0.00607 

0.00680 

0.00451 

0.0100 

-=LQQ%- 

LQQw 
0.0100 

0,0100 

0.0100 

0.0100 

0.00451 

0.0050 

0.0100 

8;8858 
Qs-Qwe 
0.0100 

0.0100 
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TABLE A-11.- CSM RESISTANCE VALUES - Continued 

lesistor no. 

30 

31 
32 

33 

34 

35 

36 

37 
38 

39 
40 

4 1  
42 

43 
44 
45 
46 
47 

49 
50 

5 1  
52 

53 

54 
55 
56 

~ ~~~ 

48 

Resistance, 
ohms 

0 . 0 0 6 8 ~  

0.0100 

0.0100 

0.0100 

0.0100 

0.0050 

0.0050 

0.00451 

0.00607 

0.00751 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.0100 

0.00465 

0.0010 

0.0010 

0.0010 

0.0093 

0.0093 
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Resistor no. 

- 
57 
58 
59 
60 
6 1  
62 

63 
64 

65 
66 

67 
68 

69 

70 

71 

c +  

c. . 

TABLE A-11.- CSM RESISTANCE VALUES - Concluded 

Resistance, 
ohms 

0.0100 

0.0024 

0.0024 

0.0024 

0.0100 

0.0024 

0.0024 

0.0024 

0.0100 

0.0055 

0.0044 

0.0055 

0.0044 

0.0055 

0.0044 

L 
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TABLE A-111.- VOLTAGE-CURRENT DATA FOR PYROTECHNIC 

BATTERIES 1 AND 2 

I cEent’ 
1 

6 

dc voltage,  
v 

30.45 
30.4 
29.2 

28. 
25 
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TABLE A-1V.- VOLTAGE-CURRENT DATA FOR ENTRY AND 

POSTLANDING BATTERY 

dc cur ren t ,  

0.0 

0.45 

1.0 

1.6 
2.3 

3.0 

4.9 
6.8 

8.7 
10.6 

12.5 

14.9 
17.3 
19.7 
22.1 

24.5 
28.8 
33.1 
37.4 
41.7 
46.0 
50.8 

55.6 

65.2 
60.4 

70 .O 

74.6 

79.2 
83.6 
88.0 

dc voltage,  
V 

32.0 

31.8 
31.6 
31.4 
31.2 

31.0 

30.8 
30.6 

30.4 
30.2 
30 .O 

29.8 
29.6 
29.4 
29 .O 

29.0 
28.8 
28.6 
28.4 
28.2 
28.0 

27.6 
27.8 

27.4 
27.2 
27.0 
26.8 
26.6 

26.2 
26.4 
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TABLE A-V.- FUEL CELL STEADY STATE VOLTAGE- 

CURRENT CHARACTERISTIC DATA 
~~ ~ 

dc voltage , 
V 

36.00 

31 t 75 
31.37 

30.25 

30.40 

30.30 

29.82 

29.45 

28.67 

29 -07 

28.30 

27 -92 

27.60 

27.20 

26.5Q 
25.80 

25 1 5  

dc current ,  

0. 

7-50 

10.00 

15 .OO 

18.00 

20.00 

25 .OO 

30.00 

35.00 

40.00 

45.00 

50.00 

60 .oo 

80 .oo 
90.00 

55.00 

70-0 00 

Temperature , 
OF 

Not i n  operation range 

Not i n  operation range 

Not i n  operation range 

Not i n  operation range 

407.30 

410.00 

417.34 
423.34 

428.34 

429.41 
437.30 

440.50 

444.45 
447.50 

452.40 

457.05 

461.00 
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TABLE VI . -  TABLE A-VI.- REVERSE-CURRENT DATA 

C u r r e n t ,  E T i m e ,  
sec 

No t r i p  

2.10 

1.22 

1.11 

TABLE A-VI1.- OVERLOAD-CURRENT DATA 



m 

r. * 

I 0 

I 1 1  

0 & 
+e- 
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APPENDIX B 

EPS SWITCHING L O G I C  

TABLE B-I.- SWITCHING LOGIC FOR ALL NODES 

[If S = 0 ,  switch i s  open; i f  S = 1, switch i s  closed.]  

Node 

33 = s27 = s 
- 

21 - ‘19 (1) If S65 = e i t h e r  S or  SU = e i t h e r  S or S = 0 ,  then S 
29 23 25 

- - S17 = S15 = S13 - - Sll = s9 = s = s = s = s = 0 7 5 3 1  
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TABLE B-1.- SWITCHING LOGIC FOR ALL NODES - Continued 

Node 

(8) If S40 = 0 ,  then S1 = S2 = 0 

If both S1 = 0 and S2 = 0, then S40 = 0 

( 9 )  If S4 = 1, then SB4 = 0 ,  and if S4 = 0, then SB4 = 1 

= 0, then SB3 = 1 If S3 = 1, then SB3 = 0, and i f  S 

If S41 = 0 ,  then S3 = S4 = 0 

If both S3 = 0 and S4 = 0, then S41 = 0 

3 

(10) If 543 = 0 ,  s5 = s6 = 0 

If both S5 = 0 and S6 = 0, then S43 = 0 

( 1 1 )  If s~~ = 0 ,  then S = s8 = 0 7 
If both S7 = 0 and S8 = 0, then S44 = 0 

( 1 2 )  If S45 = 0, then S = S = 0 9 10 
If both S = 0 and Sl0 = 0, then S = 0 9 45 

( 1 3 )  I f S 8 g  O&hen SI&-= SI2 = 0 

If  both Sll = 0 and Sl2 = 0, then s83 = 0 

( 1 4 )  If S50 = 0, then S - 
13 - ‘14 a 

If both S13 = 0 and S14 = 0, then S = 0 50 

(15) If  s52 = 0 ,  then s = s16 = 0 
15 

If both S15 = 0 and s16 = 0, then S = 0 
52 

(16) If S53 = 0,  then S17 = S18 = 0 

If both S17 = 0 and S18 = 0, then S = 0 53 

(17) If S54 = 0, then S = S20 = 0 19 
If both S19 = 0 and S20 = 0 ,  then S = 0 54 
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TABLE B-I.- SWITCHING LOGIC FOR ALL NODES - Continued 

5 P  

Node 

(18) If S5* = 0, then S21 = S22 = 0 
L O  

If both S21 = 0 and S22 = 0,  then S = 0 55 

( 1 9 )  If S49 = S39 = S57 = 0 ,  then e i t h e r  S23 or S = e i t h e r  S 26 or s24 = s48 = 582 = 0 
25 

( 2 0 )  If s65 = s66 = 0 ,  then s64 = 0 

( 2 3 )  If s64 = 0, then s65 = s66 = 0 
& 

If s33 - - s36 = s37 = s38 - - Sbo - - s41 = s43 = s44 - - s45 = s46 = s47 = s49 = s50 = s83 

- - s51 - - s52 = s53 = s54 = s = s58 = s59 = SG1 - - S34 = 0 ,  then s64 = 0 55 

(24) If S74 = 0, then SB0 = S 

= 0, then S 

= 0 
70 

74 = O 
If s80 = 

(25) If S75 = 0, then Sal = S 

If s81 = S71 = 0, then S 

= 0 

= 0 

9 71 

75 



TABLE B-1.- SWITCHING LOGIC FOR ALL NODES - Concluded 

Node 

68 = 

72 

78 

76 

( 2 9 )  If S7* = 0, then S 

If SG8 = 0 ,  then S 

( 3 0 )  If ST6 = 0,  then S 

If s78 = 0,  then S 

= 0 

= 0 

= 0 

(31) If ST3 = 0 ,  then SG9 = S79= 0 

If 569 = ST9 = 0,  then S = 0 73  
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TABLE B-11.- EXAMPLES OF FIRST GUESS SWITCHING LOGIC 

c 

CSM switching cons t ra in ts  

= S28 e i t h e r  S or S ’27 29 31 
= e i t h e r  S 

e i t h e r  S 

= e i t h e r  S 32 or S30 = 0 

(Other switching i s  normal.) 

26 Or ‘24 

23 Or ‘25 

= s66 = s64 = 0 ‘6 5 
(Other switching i s  normal.) 

5 

Either  S or S = 0 

(Other switching is  normal.) 

= s31 = s32 = 1. 29 

23 25 

s29 = Sjl = s32 = s30 = s23 

= s25 = 1 

is normal.) 

(Other switching 

= s31 = s57 = s23 
‘ 29  

= s25 = 1. ‘32 = ‘66 
= e i t h e r  S26 or S24 = 0 

(Other switching is  normal. ) 

= e i t h e r  S or S ‘65 29 3 1  
= e i t h e r  S23 or S25 = 0. 

s32 = s30 = s26 = s24 

= s35 = 1 (Other switching 

is normal. ) 

’art 
no. Load shar ing configurat ion 

R3¶ R 5 ¶  R26y R6¶ and R4 a r e  t o  be shared equal ly  by t h e  

number of en t ry  and post landing b a t t e r i e s  t h a t  are on. 
Ra and RZ2 a r e  t h e  loads  appl ied t o  t h e  pyro b a t t e r i e s .  

is  applied t o  t h e  en t ry  and postlanding b a t t e r i e s ,  t h e  r e s t  

58 of t h e  load i s  appl ied t o  t h e  pyro b a t t e r i e s .  

= 0,  t h e  pyro b a t t e r i e s  ( i f  on) w i l l  ca r ry  loads R21 and 

R2*. The remaining loads are appl ied equal ly  t o  t h e  number 
of f u e l  c e l l s  on. 

I f  s38 = s58 = 1, then 113 O f  t h e  load  O f  both R21 and R22 

If S38 

A l l  CM loads are appl ied  equal ly  t o  t h e  number of entry 
and postlanding b a t t e r i e s  t h a t  are on. 
concerning loads R 21 and R22, as l i s t e d  above, is  t o  be 

observed when assigning loads t o  t h e  pyro b a t t e r i e s .  
SM loads are appl ied equal ly  t o  t h e  number of f u e l  c e l l s  
on i n  t h e  SM. 

Entry and postlandings b a t t e r i e s  A and B ( i f  they are on) 
are l o a d  sharing with t h e  f u e l  c e l l s .  
30 percent o f  t h e  load is appl ied  equally t o  t h e  two 
b a t t e r i e s  and t h e  remaining load i s  t o  be appl ied equal ly  
t o  the number of f u e l  c e l l s  on i n  t h e  SM. A more accurate  
h a d  sharing approximation w i l l  be  determined by experi- 
mentation. 

The cons t ra in t  

The 

Assume t h a t  

Pyro b a t t e r i e s  are t r e a t e d  t h e  same 8 s  i n  
part 1. 

The same as i n  p a r t  3 except t h a t  30 percent  of t h e  t o t a l  
CSM load is t o  be appl ied equal ly  t o  t h e  t h r e e  en t ry  and 
postlanding b a t t e r i e s  ( i f  they are on). 

Same as part 4. (This is a s imulat ion of CMBB bus loss.) 

Same as part 5. (This i s  a simulation of a CMBA bus loss.) 
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APPENDIX C 

EPS CIRCUIT MATRIX EQUATIONS 

SYMBOLS 

..., 31 

ED 

R 

RD 

S 

Z 

voltage a t  nodes 1, . . . , 31 

voltage drop across diode 

bus connection equivalent res i s tance  

diode equivalent res  i s  t ance 

switch 

var iable  load res i s tance  

EQUAT I ONS 

ilODE 1: 

‘30 +‘I33 - ‘36 - I1 - ,I4 - I7 - Il0 - 113 - 116 - Ilg - - - - 

+ 138 - Ibl + = 0 

- 
- 
R 1 O  + RDIO R1l + R D l l  R12 + RD12 

- %lo) ‘19 - - E18 - E D 1 l )  ‘21 + ‘E19 - ‘1 - ED12) ‘23 ‘25 

(E28 - ’65 = o  
55 R 

+ 
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B a t t  

h *  

B a t t  

B a t t  

B a t t  

B a t t  

B a t t  

B a t t  

B a t t  

B a t t  

B a t t  

B a t t  

- - -  s1 - '3 'B4 T 5 - s7 9 - sll 
S 

R + R  

S 

R1 + %1 R2! + RD2 R 3 + R  D 3  R4 + RD4 5 D 5  R6 + RD6 

s, 

5 S 

R3 -k 'D3 
10) = 

S, 
.I 11) = 

R4 + %4 

9 S 

R5 + RD5 
1 2 )  = 

sll 13) = 
'6 + 'D6 

14) = '13 
R7 + RD7 
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3att (1, 16)  = ‘17 
R9 + %9 

19 
S 

B a t t  (1, 17) = 
R1O + %lo 

‘21 

R1l + RDll 
B a t t  (1, 18)  = 

‘23 ‘25 B a t t  (1, 19) = 
*12 .+ %12 

‘65 B a t t  (1, 28) = - 

B a t t  (1, 11) ED4 



NODE 2: 

B a t t  (2 ,  2)  = - ‘2 ‘4 ‘B3 - ‘6 - ‘8 - %o 
R50 + RD36 R49 + RD35 R48 + RD34 R47 + R D 3 3  R46 + RD32 

’32 ‘30 ‘34 ‘66 
* %26 R39 + RD25 ’38 + RD24 R37 + RD23 ‘2 R56 

- - - -  - ‘22 - - ‘28 - ‘26 ‘24 

B a t t  ( 2 ,  4 )  = ‘32 ‘30 

R37 + %23 

B a t t  (2, 5 )  = ‘28 

R38 + %24 

‘2 

50 + RD36 R B a t t  ( 2 ,  8) = 



50 

s s  4 B 3  B a t t  (2, 9) = 
R49 + %35 

' 6  B a t t  (2, 10)  = 
R48 ' %34 

8, 
R47 ' RD33 B a t t  (2, 11) = 

s l o  B a t t  (2, 12) = 
R46 + %32 

512 B a t t  (2, 13) = 
R45 + %31 

B a t t  (2, 14) = '14 
R44 + RD30 

'16,, 
R43 + RD29 

B a t t  (2 ,  15) = 

'18 
R42 + RD28 

B a t t  (2, 16) = ' '  

520 B a t t  (2, 17) = 
R41 + RD27 

522 B a t t  (2, 18) = 
R40 + RD26 

'26 '24 B a t t  (2, 19) = 
R39 + RD25 

'34 
z2 

B a t t  (2, 23) = - 

B&t, (2, 2 7 )  = R '66 
56 
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.' 

- - - -  '38 '37 
R19 z3 

B a t t  (3, 1) = B a t t  (1, 3) 

'36 + -  E37 
R17 + R18 z3 

B a t t  (3 ,  23) 

'39 B a t t  ( 3 ,  7) = - 
R16 

B a t t  (3, 6) = '42 
R22 + R17 

B a t t  (3, 21) = 
R19 



53 

P *  

B a t t  (4, 4) = - '61 - 32 '30 - '60 - '56 2.5 
S 

35 + R36 R37 + RD23 R30 + RD21 + 522 R28 + RD20 R31 

59 S - -  
z4 

B a # - a ) & =  - 

B a t t  (4, 2)  = '32 '30 
R37 + %23 

B a t t  (4, 5) = '60 
R30 + %21 + RD22 

B a t t  (4, 7)  = R s57 
29 

56 S 
B a t t  (4, 6) = 

R28 + %20 

S 
B a t t  (4, 22) = 58 

R31 

B a t t  (4, 32) = - s61 
R35 + R36 

(EBB) - B a t t  (4, 2) 523 - B a t t  (4, 51 + 
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NODE 5: 

142 + 136 + 148 + 149 + 137 - = 0 

Batt ( 5 ,  5 )  = - ‘35 - ‘60 - ‘28 - ‘27 
R14 + RD14 + %15 R30 + RD21 + RD22 R38 + *D24 R13 + 5 1 3  



i *  

55 

NODE 6: 

- 158 + 151 = 0 

B a t t  (6, 3)  = B a t t  (3s 6) 

B a t t  (6, 4) = B a t t  (4, 6) 

s47 B a t t  ( 6 ,  23) = - 
' 6  

56 5 
s42 - - '47 - B a t t  (6, 6) = - 

R22 ' %17 '6 R28 + RD20 
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ST = 1.0 

If e i the r  S o r  S 

then ST = 0 
= e i the r  s26 or  S24 = S48 =, 0 25 23 

Batt  ( 7 ,  3)  = B a t t  (3, 7) 

Batt (7, 4 )  = Batt (4 ,  7) 
B a t t  (7, 19) = - ST 

R24 

s49 
R26 ' R27 

B a t t  (7 .  23) = 

Batt  (7, 7)  = - Batt  (7, 3) - B a t t  ( 7 ,  4 )  - B a t t  (7, 19) - B a t t  (7, 23) - Batt (7, 26) 

Bat t  (7, 32) = - B a t t  ( 7 ,  23) EBC 

'82 B a t t  (7, 26) = R 
25 
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NODE 8: 

I 1 + I 2 - I 3 = 0  

B a t t  (8, 1) = B a t t  (1, 8) 

B a t t  (8, 2) = B a t t  (2 ,  8) 

'40 B a t t  (8, 23) = -  
'8 

B a t t  (8, 8) = - B a t t  (8, 1) - Batt (8, 2) - B a t t  (8, 23) 

B a t t  (8, 32) = B a t t  (8, 1) EDl + B a t t  (8, 2)  %36 
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NODE 9: 

1 4 + 1  - 1 6 = 0  5 

B a t t  (9,  1) = Batt (1, 9) 

B a t t  (9,  2) = B a t t  (2, 9) 
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P I  

I ,  

B a t t  (10, 1) = Batt (1, 10) 

B a t t  (10, 2)  = B a t t  (2 ,  10) 

B a t t  (10, 23) = 
5 0  

B a t t  (10, 10) = - B a t t  (10, 1) - B a t t  (10, 2) - B a C t  (10, 23) 

B a t t  (10, 32) = Batt (10, 1) ED3 + B @ t t  (10, 2)  
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NODE 11: 

Il0 + Ill - 112 = 0 

B a t t  ( 1 1 ,  l ) - =  B a t t  ( 1 ,  1 1 )  

B a t t  ( 1 1 ,  2 )  = B a t t  (2, 1 1 )  

$44 
zll 

B a t t  ( 1 1 ,  2 3 )  = - 

B a t t  ( 1 1 ,  1 1 )  = - B a t t  ( 1 1 ,  1 )  - B a t t  ( 1 1 ,  2) - Batt (11, 2 3 )  

B a t t  (U + B a t t  ( 1 1 ,  2) 
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NODE 12: 

= o  (*1 - E12 - 5 5 ’  s9 + (E2 - %2 - 532) 5 0  - (E12 - E23) s45 
R5 + %5 R46 + RD32 z12 

B a t t  (12, 1) = B a t t  (1, 12)  

B a t t  (12, 2 )  = B a t t  (2 ,  12)  

s45 
5 2  

Bat$  (12, 23) = - 

B a t t  (12, 12)  = - Batt (12, 1) - Batt (12, 2) - Batt (12, 23) 

B a t t  (12, 32) = B a t t  (12, 1) J”Ds + Batt (12, 2) Ss2 
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i -  

I' e 

~ 

i 

NODE 13: 

'16 + - = o 

'83 B a t t  (13, 23) = - 
'1 3 

t .  
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NODE 1 4 :  

+ 177 - 120 = 0 I19 

B a t t  (14, 1) = B a t t  (1, 1 4 )  

B a t t  (14, 2 )  = B a t t  (2,  1 4 )  

50 B a t t  (14, 23) = - 
‘14 

B a t t  (14, 32) = B a t t  (14, 1) + B a t t  (14, 2) 7 

B a t t  (lb, 14)  = - B a t t  (14, 1) - B a t t  (14,  2)  - B a t t  (14,  23) 
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NODE 15: 

B a t t  (15$ 1) = B a t t  (1, 15) 

B a t t  (15, 2)  = B a t t  ( 2 ,  15) 

S 
B a t t  (15,  23) = 

"15 



NODE 16: 

I$+ + IZ5 - 126 = 0 

B a t t  (16, 1) = B a t t  (1, 16) 

B a t t  (16, 2) = B a t t  ( 2 ,  16) 

s53 B a t t  (16, 2 3 )  = - 
'$6 

B a t t  (16, 16) = - Ba$t (1, 16) - Batt ( 2 ,  16) - B a t t  (16, 23) 
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3 

Batt (17, 1) = Batt (1, 17) 

Batt (17, 2) = Batt ( 2 ,  17) 

S 54 Batt (17, 23) = - 
'17 

Batt (17, 17) = - Batt (17, 1) - Batt (17, 2) - Batt (17, 23) 

Batt (17, 32) = Batt (17, 1) + Batt (17, 2) Sz7 
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NODE 18: 

B a t t  (18, 1) = B a t t  (1, 18) 

B a t t  (18, 2)  = B a t t  (2 ,  18) 

55 S 
B a t t  (18, 23) = -  

‘18 

B a t t  (18, 18) = - B a t t  (18, 1) - B a t t  (18, 2)  - B a t t  (18, 2 3 )  

B a t t  (18, 3 2 )  = B a t t  (18, 4)  %rill + B a t t  (18, 2)  

d 

I C  
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NODE 19: 

- 148 + 134 = 0 
- ’  I33 - I35 
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NODE 20: 

. *  

- 174 - 173 + 178 + 179 = 0 '59 + '62 + '67 - '75 

+ (E29 E20) '72 + (E30 - E20) '76 + (E23 - E20) '64 i* (E28 . 
- 

'67 
z29 + R34 '30 + R65 R51 z28 

(E27 - E2*) 3 7  = o  
27 Z + 

'67 B a t t  (20, 28) = - 
'28 

B a t t  (20, 27) = '77 
27 

s75 
R66 + R67 

B a t t  (20, 25) = 

74 
R68 + R52 

S 
3att (20, 24) = 

73 S 
B a t t  (20, 31) = 

R53 + R54 

B a t t  (20, 29) = '72 
'29 + R34 

76 S 
B a t t  (20, 30) = 

'30 + R65 



.’ 

” *  

B a t t  (20, 2 0 )  = - B a t t  (20, 2 3 )  - B a t t  (20, 28) - B a t t  (20, 27) - B a t t  ( 2 0 ,  25) 

- B a t t  (20,  24) - B a t t  (20, 31) - B a t t  (20, 29) - B a t t  (20, 30) 

B a t t  (20, 32) = B a t t  (20, 25) EFC3 + B a t t  (20, 24) EFc2 + B a t t  (209 31) EFCl 
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NODE 21: 

Ih5 + IB0 - Ial = 0 

ST = 1.0 

If S38 = 0 and S 

then ST = 0 

= 0 63 

Batt (21, 3)  = Batt  (3, 21) 

Batt  (21, 23) = s63 + - ST 

R20 + R21 z21 

Batt (21, 32) = - s63 (EpBA) 
R20 + R21 
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NODE 22: 

t 
c 

+ I  = o  '54 - '82 83 

ST = 1.0 

If SG2 = s58 = 0 
then ST = 0 

Batt (22, 23) = - ST + '62 
=22 R33 + R22 

Batt (22, 22) = - Batt (22, 4) - Batt (22, 23) 

'62 

R33 + R32 Batt (22, 32) = (EPBB) 
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Node 23: 

ST = 1.0 

If '38 = '63 = 

Then ST = 0 

Bat t  (23, 21) = Batt  (21,  23) 

Bat t  (23, 8) 

Batt  (23, 9 )  

= Batt  (8, 23) 

= Batt  ( 9 ,  23) 
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- _  - 

Then ST = 0 

Batt (23, 22) = 

Batt (23, 4) = 

Batt (23, 2) = 

B a t t  (23, 20) = 

Batt (23, 1) = 

Batt (23, 3) = 

B a t t  (23, 23) = 

Batt (22, 23) 

B a t t  (4, 23) 

Batt (2, 23) 

Batt (20, 23) 

Batt (1, 23) 

B a t t  ( 3 ,  23) 

consist  of subtracting all preceding b a t t e r i e s .  

Batt (23, 32) = 
(E + '36 (EBA) + '62 (EPBB) + '61 (EBB) 

R35 + R36 
s63 PBA + Batt (23, 7) EBC 
R21 + R20 R17 + R18 R32 + R33 
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NODE 24: 

- - = o 

B a t t  (24,  20) = B a t t  (20, 24) 

'80 

R63 + RRCR4 
B a t t  (24, 27) = 

B a t t  (24,  28) = ' 7 0  

R59 + RRCR3 

B a t t  (24, 24) = - B a t t  (24, 20) - B a t t  (24, 27) - B a t t  (24, 28) 

B a t t  (24, 32) = - B a t t  (24, 20) EFCp 
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Node 25: 

IT5 - 172 - 166 = 0 

(E20 - E25 + EFC3) ‘75 - (E25 - E27) ‘81 - (E25 - E28,) ‘71 = o  
R66 i. R67 R64 + RRCR6 R60 + RRCR5 

B a t t  (25,  20) = B a t t  (20,  25) 
n 
3 

B a t t  (25,  27) = 
R64 + RRCR6 

S 
B a t t  (25,  28) = 

R60 + RRCR5 
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Node 26: 

I - I  = o  52 53 

B a t t  (26, 7)  

B a t t  (26, 23) = B a t t  (23, 26) 

B a t t  (26, 26) = - B a t t  (26, 7) - B a t t  (26, 23) 

= B a t t  (7 ,  26) 
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Node 27: 

+ I + I - - 167 - 160 = 0 
‘70 71 72 

79 
R62 + RRCR2 

S 
B a t t  (27, 31) = 

B a t t  (27,  24) = B a t t  (24,  27) 

B a t t  (27, 25) = B a t t  (25,  27) 

78 S 
B a t t  (27, 30) = - 

R61 

B a t t  (27,  20) = B a t t  (20, 27) 

B a t t  (27,  2 )  

B a t t  (27,  27) = - B a t t  (27, 24) - Batt (27, 25) - B a t t  (27,  30) 

- Batt (27, 20) - B a t t  (27,  2)  - Batt (27,  31) 

= B a t t  ( 2 ,  27) 
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B a t t  (28, 31) = 69 
R58 + R ~ ~ ~ l  

'68 Bat t  (28,  29) = R 
57 

B a t t  (28,  20) = Batt (20, 28) 

B a t t  (28,  1) 

Batt (28,  28) = - B a t t  (28,  31) - Batt (28, 3) - B a t t  (28,  20) - B a t t  (28,  1) 

B a t t  (28,  24) = B a t t  (24, 28) 

= B a t t  (1, 28) 

B a t t  (28,  25) = B a t t  (25,  28) 
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Node 29: 

I& - 178 = 0 

Batt (29, 28) = B a t t  (28, 29) 

B a t t  (29, 20) = B a t t  (20,  29) 

B a t t  (29, 29) = - B a t t  (29, 28) - Batt (3, 20) 
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Node 30: 

I - I  = o  
69 79 

B a t t  (30, 27) = Batt (27, 30) 

B a t t  ( 3 0 ,  20) = B a t t  (20, 30) 

B a t t  ( 3 0 ,  30) = - B a t t  (30,  27) - Batt (30, 20) 
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El; Node 31: 

IT3 - If-- - IT0 = 0 

Batt  (31, 20) = Batt (20, 31) 

Batt  (31,  28) = B a t t  (28,  31) 


